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ABSTRACT
Knowledge of temperature effects on whole canopy photosynthesis,

growth, and development of potato (Solanum tuberosum L.) is impor-
tant for crop model development and evaluation. The objective of this
study was to quantify the effects of temperature on canopy photo-
synthesis, development, growth, and partitioning of potato cv. Atlantic
under elevated atmospheric CO2 concentration (700 mL L21 CO2).
Potato plants were grown in day-lit plant growth chambers at six con-
stant day/night temperatures, (12, 16, 20, 24, 28, and 32�C) during a
52-d experimental period in 1999 in Beltsville, MD. Main stem length
andmain stem expanded leaf number weremeasured nondestructively
at 4 d intervals while leaf, stem, root, and tuber weights were obtained
by destructive harvesting at biweekly time intervals. Canopy level net
photosynthesis (PN) was obtained from gas exchange measurements.
The optimum temperature for canopy photosynthesis was 24�C early
in the growth period and shifted to lower temperatures as the plants
aged. Total end-of-season biomass was highest in the 20�C treatment.
End-of-season tuber mass and the ratio of tuber to total biomass de-
creased with increasing temperature above 24�C. Accumulated bio-
mass was a linear function of total C gain with a common slope for
all treatments. However, the proportion of C allocated to tubers
decreased with increasing temperatures. High respiration losses de-
creased total C gain at higher temperatures. When simulating photo-
synthesis and C assimilation in crop models, source–sink relationships
with temperature and photosynthesis need to be accounted for.

POTATO is very sensitive to high temperatures. Tem-
peratures of 31/298C (day/night) in growth chambers

reduced total plant dry matter by 44 to 72% after 4 wk
compared to a 19/178C regime (Lafta and Lorenzen,
1995). Tuber weights were reduced relatively more than
plant dry matter. Superoptimal temperatures resulted in
taller plants with high stem dry weight and smaller
leaves (Lafta and Lorenzen, 1995; Prange et al., 1990),
and reduced tuber production for most cultivars (Ben
Khedher and Ewing, 1985; Levy, 1986). Manrique and
Bartholomew (1991) reported a negative correlation be-
tween minimum temperature and the ratio of tuber to
total dry weight in a study that used elevation to control
temperature. High temperatures extend the period of
leaf growth, which ostensibly reduces net translocation of
carbohydrates to the tubers (Marinus and Bodlaender,

1975). Physiological leaf aging is also increased at high
temperatures (Menzel, 1985) accelerating leaf senescence
and reducing the photosynthetic capacity of the canopy.

The optimum temperature for leaf photosynthesis
in potato has been reported to be about 248C (Ku et al.,
1977) and leaf photosynthetic rates rapidly decrease
with increasing temperature (Wolf et al., 1990; Leach
et al., 1982). Decreased leaf photosynthesis rate at high
temperature is believed to be largely due to reduced
efficiency in photosystem (PS) II rather than increased
maintenance dark respiration or decreased leaf area
(Prange et al., 1990). Accordingly, Thornton et al. (1996)
did not find a relationship between dark respiration
rates (leaf level) and biomass at harvest. Prange et al.
(1990) further hypothesized that the decrease in tuber
production was due to a reduction in tuber initiation
resulting in a smaller sink for photosynthates. Research
by Lafta and Lorenzen (1995) seems to support this view
that the reduction in numbers of tubers at high tem-
perature and concomitant reduction in sink strength
reduce photosynthesis. Heat stress effects on photo-
synthesis in cotton (Gossypium hirsutum L.) and wheat
(Triticum aestivum L.) have also been attributed to a
decrease in the activation state of ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco) via inhibition of
Rubisco activase (Law and Crafts-Brandner, 1999).

Temperature also affects development rates of potato.
The maximum development rate of potato has been
reported to be within the range of 14 to 228C (Driver
and Hawkes, 1943; Yamaguchi et al., 1964; Marinus and
Bodlaender, 1975; Sands et al., 1979). As temperatures
increase to about 228C, the development phase from
emergence to tuber initiation shortens (Kooman et al.,
1996b). At higher temperatures, the time to tuber initia-
tion increases (Ewing and Struik, 1992).

Detailed quantification of the effects of temperature
on dry matter production and C partitioning is impor-
tant to develop simulation models of potato as tools for
growers to use in crop management. There are a number
of potato models available (Wolf and van Oijen M. 2003;
Hodges et al., 1992; Ingram and McCloud, 1984). The
temperature dependencies used in these models have
largely been developed from data collected in field trials
and greenhouses (Ingram and McCloud, 1984), and
using temperature gradients with altitude (Manrique
and Bartholomew 1991). In all these cases, variations
in temperature are reduced but there is no true control
of temperature.

Although there have been detailed measurements on
C partitioning as a function of temperature (Ingram and
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McCloud, 1984), canopy level C assimilation was not
measured in the same experiment. Photosynthesis mea-
surements reported in the literature for potato are leaf-
level measurements on plants grown in indoor chambers
at average light levels near 400 to 500 mmol m22 s21

(photosynthetic photon flux density, PPFD). Little is
known, however, about whole canopy gas exchange
rates in potato as a function of temperature and plant
age under natural light levels where C is not limiting.
Leach et al. (1982) measured whole canopy photosyn-
thesis rates in potato in the field using enclosed cham-
bers. They developed a detailed C budget for potatoes
showing that plant growth rate was closely related to PN
rate but different temperatures were not investigated.
Our objective was to quantify the effect of tempera-
ture on photosynthesis, respiration, C partitioning, and
growth and phenology of potato. We used elevated CO2
levels (700 mmol mol21 air) to reduce the effects of C
stress on metabolic processes.

MATERIALS AND METHODS

The outdoor, day-lit controlled environment chambers used
for this study were constructed of clear acrylic and are 2.3 m
tall and 1.5 m2 in cross-sectional area with a total chamber
volume of 3360 L. Excluding the internal ducting, the space
available for growing plants in the chambers is 1.0 m2. The soil
plant atmosphere research (SPAR) chambers are very similar
in design to those in use at Mississippi State University (Reddy
et al., 2001).

A description of the chambers and the control mechanisms
were fully described in Baker et al. (2004). The air handler,
mounted at the base of the chamber, contains a squirrel cage
fan that draws air and forces it past resistive heaters and a liq-
uid cooled heat exchanger on the return path back to the
chamber. These heating and cooling elements were used to
control air temperature and humidity. Constant relative hu-
midity was maintained at 60 to 70% by operating solenoid
valves that inject chilled water through the cooling coils lo-
cated in the air handler of each chamber. These cooling coils
condensed excess water vapor from the chamber air stream to
regulate relative humidity. The temperatures in the growth
chambers were maintained to within 60.28C of the set points.

A feed-forward, feed-back proportional-integral-differen-
tial (PID) control algorithm similar to the one described by
Pickering et al. (1994) was used to control injection of CO2.
The amount of CO2 injected, the air chamber volume, chamber
temperature, and chamber leakage were used to calculate
canopy photosynthetic and respiratory rates over 300-s inter-
vals. Carbon dioxide was injected only during the daytime
hours when there was sunlight, (0600–2000 h, eastern standard
time, EST). The photosynthetically active radiation (PAR,
measured as PPFD, mmol photons m22 s21) was integrated
over the same 300-s intervals.

The facility includes a dedicated Sun SPARC 5 work station
(Sun Microsystems, Inc., Mountainview, CA) used to control
chamber atmospheric CO2 concentration, and record C assimi-
lation and chamber environmental data (air and soil tempera-
tures, humidity, CO2 concentration, and solar radiation every
300 s. Air temperature and relative humidity were also moni-
tored and controlled with TC2 controllers (Environmental
Growth Chambers, Inc., Chagrin Falls, OH). Incident photo-
synthetically active solar radiation (PAR) was monitored with
a single Model LI 191 SB radiation sensor (LI-COR, Inc.,
Lincoln, NE) located inside one of the chambers.

Leakage rates were measured using resistance values from
CO2 drawdown tests in empty cabinets at the end of the
experiment and calculated as:

L 5
1
r
(DCO2) [1]

Here L is the leakage rate (mmol CO2 m22 s21), for example,
the C exchange rate (CER) without plant uptake, and DCO2 is
the gradient of internal chamber to external air CO2 concen-
trations (mmol CO2 mol air21). The CO2 levels in the chambers
were increased to 1000 mmol CO2 mol air21 and then injection
was stopped. Values of CER were recorded as the CO2 level
decreased through diffusion out of the chamber. The value of
the resistance, r, was obtained by regressing CER on the CO2

gradient (DCO2). The relationship was strongly linear for all
data. The gradients were calculated using ambient CO2 mea-
surements taken on the same temporal scale as the CO2 mea-
surements in the chambers. Ambient CO2 levels varied
diurnally from 350 to 550 mmol mol air21 and have a strong
effect on leakage calculations (Baker et al., 2000).

When there were plants in the chamber, the CER repre-
sented PN. Dark respiration, RD (mmol CO2 m22 s21), was
calculated daily as the mean CER between the hours of 0100
and 0400 h. RD does not account for photorespiration which
was temperature dependent. A second order polynomial was
used to model PN as a function of PFD to interpolate measure-
ments of PN for periods when gas exchange data were missing
or out of range as when the chambers were opened for plant
measurements. Proc NLIN of SAS (SAS Institute, 1999)
was used to fit the three coefficients. Values at a light level of
1200 mmol m22 s21 were also predicted for each curve and the
standard error of the interpolated value was also recorded as
an estimate of the error.

Plant Cultivation and Measurements

Three tuber cuttings (about 15 g each) of the potato cv.
Atlantic were planted into 3.8 L pots on 11 Aug. 1999. The pots
were filled with one-fourth of each Promix, topsoil, sand, and
vermiculite and the growing medium was amended with slow
release fertilizer (Osmocote 14.0N–6.1P–11.6K, Scotts-Sierrra
Horticultural Products Co., Marysville, OH) and dolomitic
lime at a rate of 4.5 and 2.4 g L21, respectively. Sixteen pots
were placed in each of the six chambers. The temperatures in
the chambers were maintained at 208 6 0.18C day/night and
ambient CO2 levels (350 mmol mol air21) until shoot emer-
gence. Upon emergence (22 Aug. 1999), two of the tubers were
removed from the pot and the shoots thinned to one per pot.
At this time, six temperature treatments were randomly as-
signed (12, 16, 20, 24, 28, and 328C day/night) to the six cham-
bers. The data from the 128C temperature treatment, however,
were not included in the C assimilation analysis because poor
CO2 control at night due to a sticking mass flow controller
resulted in excessive errors in the gas exchange data. The
daytime CO2 concentration was maintained at 700 mmol mol
air21 in all treatments. Nighttime CO2 was not controlled and
varied around the ambient level (350–500 mmol mol air21).
The plants were irrigated from drip tubes twice daily. Graded
shade cloths were adjusted around the cabinet edges to plant
height to simulate shading effects found in a field crop. The
plants were not staked.

Additional newly emerged shoots from the tuber were re-
moved by pinching to maintain one main stem shoot per pot.
This should not affect photosynthesis rates via source–sink
effects. Oparka and Davies (1985) did not find that there
was sharing of assimilates among different stems emerging
from the same seed-piece. When shoots are removed from
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volunteer potato in the field, tuber mass is reduced (Williams
and Boydston, 2002). The effect, however, decreases as shoots
are removed earlier in the growth cycle indicating that the
remainder of the canopy adjusts for loss of a main-stem shoot.
Volunteer potatoes are also sparsely distributed so that any
change in leaf area can have a large effect on light interception.
In this experiment, we removed the stems within 1 or 2 d of
emergence and the plants were densely spaced.

To count main stem leaves at a higher frequency than the
destructive harvests, four plants in each chamber were marked
and the uppermost emerged leaf tagged as a reference for later
counts. The numbers of main stem leaves on these tagged
plants were counted two or three times per week throughout
the growing season. Stem length was measured as distance
from the lowermost leaf to the most recently emerged leaf at
the tip of the top most apical stem. Destructive harvests were
performed on 9 September and 23 September (18 and 32 d
after emergence [DAE]) on plants from four pots per cham-
ber. A final destructive harvest was performed on the remain-
ing eight pots on 13 Oct. 1999, 52 DAE. During destructive
harvest, the plants were separated into different plant parts
and node and leaf numbers counted. Leaf area and dry mass of
main stem and branch stem leaves, plant height, dry mass of
root and tubers were also measured on nontagged plants.

The rooting medium in each pot was carefully removed and
washed through a 1-mm sieve. All plant parts were then dried
to constant weight at 758C. Leaf appearance rate was calcu-
lated for each temperature treatment as the slope of the re-
gression of main stem node number vs. DAE.

Carbon Budget

Total cumulative C gain per day per plant was calculated
from PN and respiration as:

AT 5 O18:00
06:00

[(PN 1 RS)Dt] 2 (RD 2 RS)(3600)(12)

 !

(12)/Plants [2]

Here, AT is the total C accumulation (g C plant21), PN is the
900 s average of PN (mol CO2 m22 s21) from Eq. [1], Dt is time
interval, 900 s, RD is dark respiration and RS is C from root and
soil respiration (mol CO2 m22 s21), 3600 scales from seconds to
hour, the first 12 in the numerator is the number of hours in the
dark period. The second 12 is the molar weight of C. To obtain
total C gain per plant, the actual number of plants in the
chamber (1 m22) for the calculation period was used (Plants).
This was 16 until the first harvest time, 12 from the second to
the third harvest time, and 8 for the period from the second
sample to final harvest. The values of PN were summed from
0600 to 1800 h EST, the average hours of sunlight during the
experimental period. The soil and roots potentially provide
some CO2 through respiration. Values of about 1 to 2 mmol
CO2m22 s21 have been reported for loblolly pine (Pinus taedaL.)
grown in containers (Gough et al., 2004). Although this value
is small relative to measured mean 300 s photosynthetic
rates, it can be significant when accumulated over the growing
period in a C budget. Carbon from soil respiration was
accounted for by adding RS to PN and subtracting it from dark
respiration. A mean value of 1.5 mmol CO2 m22s21 was used
for RS. The daily values in [Eq. 2] were summed over the sea-
son to obtain seasonal cumulative assimilation of C. Although
RD does not account for photorespiration and may be affected
by [CO2], this method has successfully been used to relate C
assimilation to dry matter (Dutton et al., 1988; Reddy et al.,
1989; van Iersel and Kang, 2002) from growth chamber data.

Statistical Analysis

Regression was used to analyze the temperature response of
the dry matter variables (leaf, aboveground biomass [leaf and
stem], root, tuber and total biomass). The SAS procedure Proc
Mixed (Littell et al., 1996; SAS Institute, 1999) was used to
calculate the coefficients of the regression. The experimental
design is a repeated measures analysis with temperature as a
fixed effect, chambers as subjects, and harvest periods (DAE)
as the repeated measurement. Temperature was treated as a
continuous variable applied to the chambers. The covariance
was modeled as an autoregressive response. There were four
to eight replications of harvested plants (depending on time of
harvest) for each subplot (harvest period). Regression lines
were fit to the response of each dry matter variable to temper-
ature and the regression coefficients tested for significance.

RESULTS
Carbon Dioxide Assimilation

The incident PAR inside the chambers averaged
35.3(614.1) mol d21 from emergence to harvest (7.7 MJ
d21, using 4.57 as a conversion factor given by Thimijan
and Heins, 1983). This low radiation is due to late sum-
mer conditions in Maryland and some attenuation of
light by the acrylic chambers. Diurnal net canopy photo-
synthesis (PN) and photosynthetic photon flux density
(PPFD) for the five temperature treatments for a rela-
tively cloudless day (31 DAE) is shown in Fig. 1. The
maximum PN for all treatments varies from 7 to 17 mmol
CO2m22 s21 and occurs at about 1200 h (EST). Themaxi-
mum PN was measured in the 20 and 248C treatments.
The lowest rates were in the 28 and 328C treatments.

The net canopy photosynthesis (PN) as a function of
PPFD was described by the polynomial equation well;
the majority of the prediction errors ranged from 0.3 to
1.2 mmol CO2 m

22 s21 (data not shown). The temporal
distribution of PN throughout the growing season calcu-
lated from the polynomial equation at 1200mmol m22 s21

PAR are shown in Fig. 2. Initially (up to 12 DAE), PN
was not significantly different among the temperature
treatments. After 12 DAE, PN increased rapidly and
temperature effects began to differentiate. The PN for

22 September, 31 DAE
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Fig. 1. Measured net photosynthetic rates (PN) and photosynthetically
active solar radiation (PAR) as photosynthetic photon flux density
(PPFD) for 1 d, 31 d after emergence (DAE) (22 Sept. 1999). The
12�C treatment is not shown. Data were recorded at 300 s intervals.
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most treatments attained their maximum values within
18 to 20 DAE. The potato plants in the two warmest
temperature treatments approached their maximum
canopy PN values about 18 DAE (Fig. 2) then decreased
thereafter. The PN for the 16 and 208C temperatures
remained almost constant until the second harvest
(DAE 32) whereupon they began to decrease. The PN
for the 248C treatment, although initially highest, de-
creased sharply after the first harvest (18 DAE).
The temporal changes in respiration rates (Fig. 3)

paralleled those of PN (Fig. 2). The respiration rates in-
creased for the first 18 d then reached a maximum at
about 20 DAE. Respiration remained constant until the
second harvest then declined thereafter. These rates are
expressed on a square meter basis, but are actually a
function of plant mass. Hence, the initial increase in res-

piration is related to the increasing mass of plant matter
that represents the respiring plant tissue. The removal of
plant material for harvest after DAE 18 countered the
increase in plant mass due to growth likely resulting in a
leveling of RD values. The decreases at the end of the
growing period are related to senescence and matura-
tion of the plant tissue. The respiration rates for the 28
and 328C temperatures were higher than those for the 20
and 248C temperatures. It is only possible to distinguish
gross temperature trends in the respiration data how-
ever since it is difficult to detect differences in C assimi-
lation ,2 mmol CO2 m

22 s21 because the variability of
the gas measurement system is in this range. Kyei-
Boahen et al. (2003) noted similar difficulties in detect-
ing differences in respiration because of low magnitude.

The daily cumulative C gain values in Fig. 4 were cal-
culated from Eq. [2]. The cyclic patterns in the cumu-
lative C gain values are closely related to total daily
light. Note that the total daily cumulative C gain is nega-
tive for the two highest temperatures for some days
where light levels were low and loss of C via respiration
was greater than C gained via photosynthesis. The maxi-
mum daily cumulative C gain was about 0.9 g C plant21

d21 for the 248C temperature. The higher tempera-
tures of 28 and 328 have lower maximum rates, about
0.25 to 0.35 g C plant 21d21. This is 0.9 mol CO2 m

22 d21

(12 plants m22) on a chamber basis. Maximum daily net
assimilation amounts for soybean [Glycine max (L.)
Merr.] (Jones et al., 1985) from similar daylit growth
chambers in Florida under elevated CO2 (660 umol mol
air21) were larger, about 1.6 mol CO2 m

22 d21. Similar
data for sunflower (Helianthus annuus L.) (Hui et al.,
2001) using sunlit chambers have maximum values of
about 1.6 mol CO2 m

22 d21 under elevated CO2 levels
(600 mmol mol air21). The differences in this study may
be partially attributable to the longer daylengths and
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Fig. 3. Mean daily dark respiration (RD) as a function of temperature
throughout the growing period. The error bars represent the vari-
ance about the mean. The vertical lines indicate the times plants
were removed from the chambers for destructive harvest. PPFD 5
photosynthetic photon flux density.
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regression at 1200 mmol m22s21 photosynthetic photo flux density
(PPFD) for five temperatures throughout the growing season. Data
are means of 900 s intervals. Gaps in the data result from days with
low light levels thatwere not included in the analysis. The vertical bars
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higher total daily radiation in these studies as well as
species and plant population differences.

Plant Development and Biomass
The leaf addition rates increased with temperature

and were maximal at the highest temperature (328C)
(Table 1). The leaf emergence rates (slopes, b in Table 1)
could be predicted from temperature as: (Leaf emer-
gence rate) 5 0.042 1 0.095(Temperature), r 2 5 0.96.
Accordingly, there was also a significant linear affect for
temperature on stem weight where stem weight in-
creased with temperature (Tables 2 and 3). There were
no significant time or temperature effects on leaf weight
over the period the plants were harvested (Tables 2
and 3). There was a significant linear affect of tempera-
ture (slope same for all temperatures) on aboveground

biomass (stem 1 leaf) due to stem weight and there
were no interactions with harvest date. Therefore, a
common intercept and slope model fit the data best.
Root weight did not have a significant temperature
effect but the weight at 52 DAE was significantly higher
than the weights at 18 and 32 DAE. The variability in the
root weight was high which possibly masked potential
temperature effects.

There were significant linear and quadratic tempera-
ture effects on tuber weight. The intercept increased
with time. The linear slope of tuber weight on tem-
perature was positive and constant for all harvest dates
(DAE) and the quadratic slope decreased with time
(Table 3). The existence of different quadratic coefficients

Table 1. Relationship between stem length and time, and leaf
emergence and time as functions of temperature. The intercepts
and slopes are for the equations: Stem length 5 a 1 b (DAE)†
and leaf emergence 5 a 1 b (DAE). The slopes (b) for leaf
emergence fit the relationship with temperature as: Slope
(b) 5 0.042 1 0.095(Temperature), r 2 5 0.96.

Temperature Model Intercept a Slope b Error

�C cm cm d21 cm
12 Stem length 4.40 0.38 1.47
16 3.22 0.98 1.83
20 1.83 1.05 2.35
24 22.84 1.52 5.33
28 6.36 1.31 2.02
32 3.55 1.22 1.97

Leaf emergence
No. of leaves Leaves d21 No. of leaves

12 4.22 0.28 0.53
16 4.72 0.35 0.64
20 4.38 0.42 0.62
24 2.42 0.53 1.10
28 4.88 0.54 0.84
32 3.32 0.70 0.44

†DAE 5 days after emergence.

Table 2. Means and standard errors of dry matter components of potato for three harvests and six temperatures.

Days after
emergence Temp. n Stem SE Leaf SE

Above ground
biomass SE Root SE

Vegetative
(Shoot 1 Root) SE Tuber SE

Total
biomass SE

�C g g g g g g g
18 12 4 0.75 0.14 4.09 0.98 4.84 1.11 5.63 0.76 10.46 1.81 0.42 0.25 10.88 2.05
32 4 1.33 0.38 5.21 1.81 6.53 2.17 7.25 0.94 13.78 2.91 11.20 5.78 24.97 8.66
52 4 0.75 0.21 4.21 1.59 4.96 1.79 17.20 4.25 22.15 3.19 31.76 6.36 53.92 9.08

18 16 4 0.65 0.27 4.20 1.46 4.85 1.73 6.29 1.03 11.13 2.74 1.30 0.91 12.43 2.53
32 4 0.97 0.16 3.45 0.51 4.42 0.66 6.09 0.13 10.52 0.7 14.67 3.21 25.18 3.88
52 8 0.74 0.14 4.04 0.58 4.77 0.71 14.10 3.31 18.88 3.3 37.77 5.92 56.65 8.54

18 20 4 0.90 0.41 3.13 1.28 4.03 1.68 6.76 0.85 10.79 1.63 6.70 3.97 17.49 4.29
32 4 2.78 0.83 5.38 0.87 8.16 1.52 5.75 1.12 13.91 2.36 28.81 6.62 42.72 7.32
52 8 1.22 0.19 3.70 0.48 5.11 0.76 13.28 4.1 18.38 4.7 44.79 5.15 62.68 8.8

18 24 4 1.77 0.65 5.08 1.44 6.85 2.06 20.33 5.27 27.18 5.78 3.14 1.58 30.32 6.42
32 4 6.56 2.2 7.50 2.9 14.05 5.08 9.78 1.15 23.83 6 13.22 4.86 37.05 10.4
52 8 4.99 1.12 6.76 1.55 11.76 2.57 7.77 2.13 19.53 3.61 37.83 2.7 57.36 4.92

18 28 4 2.53 0.59 5.11 1.42 7.64 1.99 8.03 2.31 15.68 3.75 0.42 0.37 16.09 4.05
32 4 3.97 0.91 4.47 0.81 8.43 1.69 9.73 0.87 18.16 2.06 9.18 4.25 27.34 5.93
52 8 2.68 0.42 3.55 0.4 6.37 0.86 15.23 4.17 21.60 4.58 16.79 2.68 38.39 6.47

18 32 4 1.87 0.42 3.46 0.45 5.33 0.87 8.85 2.84 14.18 3.56 † † 14.18 3.56
32 4 5.92 1.87 4.10 0.55 10.02 2.13 12.47 1.5 22.48 3.36 † † 22.48 3.36
52 8 5.06 0.98 4.91 0.84 9.97 1.55 15.66 2.4 25.63 2.94 1.99 0.83 27.62 3.46

†No measurable tubers.

Table 3. Intercepts and temperature coefficients for the regression
of harvest components on temperature for three harvest dates.

Intercept Slope

Source
Harvest
date Int SE Linear SE Quadratic SE

DAE† g g �C21 g �C22

Leaf weight All 4.58 0.28 NS‡ NS
NS

Stem weight 18 22.97 0.91 0.20 0.04 NS
32 20.78 0.92 0.20 0.04 NS
52 21.75 0.89 0.20 0.04 NS

Aboveground
dry weight

All 2.36 1.83 0.22 0.08 NS

Root weight 18 9.35 1.61 NS NS
32 8.74 1.62 NS NS
52 13.66 1.24 NS NS

Vegetative
weight

18 6.88 3.49 0.36 0.14 NS

32 9.11 3.49 0.36 0.14 NS
52 12.71 3.41 0.36 0.14 NS

Tuber weight 18 261.07 16.17 6.23 1.52 20.14 0.03
32 238.52 16.24 6.23 1.52 20.16 0.03
52 212.14 16.55 6.23 1.52 20.18 0.03

Total dry weight 18 256.97 19.95 7.08 1.79 20.15 0.04
32 235.57 19.95 6.70 1.79 20.15 0.04
52 12.09 20.23 5.42 1.82 20.15 0.04

†DAE 5 days after emergence.
‡Not significant at P , 0.05
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for the harvest dates indicated that the temperature for
maximum tuber weight decreased as time progressed.
Based on the fitted coefficients, the calculated tempera-
tures associated with maximum tuber weights were 22,
20, and 178C for 18, 32, and 52 DAE, respectively. The
relationship with temperature for total biomass was
similar to the relationship for tuber weights where a
quadratic relationship fit the data best. The linear co-
efficient for temperature varied with harvest date while
the quadratic temperature coefficient was constant over
harvest date. This suggests the temperature for maxi-
mum biomass did not change over time in contrast to the
results for tuber weight. The linear effect of temperature
did tend to decrease over time, however. This reflected
the slowing of the growth of vegetative components and
increase in growth of tubers.
The final tuber weights were highest for the 208C tem-

peratures with the 16 and 248C temperatures (Table 2)
having the next highest weights. The lowest tuber
weights were in the 28 and 328C temperature treatments.
The tuber growth rate was very low in the 328C treat-
ment. Tubers of a large enough size to weigh were only
found at the final harvest, 52 DAE. Mean total biomass
was highest in the 208C temperature (62.68 g plant21).
The plants in the three highest temperatures roughly
doubled their biomass between 18 and 52 DAE. The
plants in the three lowest temperatures tripled their
biomass in the same period.

Carbon Balance
A C balance was calculated to relate cumulative C

gain (Eq. [2]) to biomass. The relationship between
cumulative C gain and measured dry matter per plant is
given in Fig. 5. The relationship was linear and a com-
mon slope appeared adequate for all treatments. The
plants in the two temperature treatments with the lowest
C gain (28 and 328C) had high respiration losses during
days with low light levels (Fig. 3) and total daily C gain
values less than zero (Fig. 4). The deviation from the
regression line for the 248C treatment can be partially

attributed to the loss of leaves during senescence that we
were not able to recover. The intercept for the line,
11.6 g, is an estimate of seedling size after emergence
and initial growth. The slope, 2.48 g DM g C21 is an
estimate of the conversion efficiency of assimilated C to
plant dry matter.

A similar balance for soybean using whole canopy C
assimilation data gave an estimate of 1.5 g DM g C21

(Jones et al., 1985) although roots were not measured. A
slope of about 2.1 has been reported for pansy (Viola 3
wittrockiana Gams.) (van Iersel and Kang, 2002) for dry
matter including roots but no seed. Dutton et al. (1988)
reported a conversion factor of 2.51 and 2.82 for rose
(Rosa spp.) and tomato (Lycopersicon esculentumMill.),
respectively. The conversion value for C to dry matter
for potato is expected to be high relative to soybean due
to the high carbohydrate content of the tuber. Further-
more, elevated CO2 decreases the N content of tubers
(Donnelly et al., 2001) and thus increases the relative
starch content. Seed material such as seeds from soy-
bean plants that contain more fats and proteins than
potato tubers have a higher stoichiometric conversion
factor than nonseed materials (Amthor, 2000; Jones
et al., 1985). Values of 1.314 g CH2O g21 of seed and
1.102 g CH2O g21 of nonseed plant material were used
by Jones et al. (1985). Because of the lower stoichio-
metric conversion factor for tubers and nonseed mate-
rials, 1 g of C in a potato plant can produce more plant
vegetative material or tuber than seed.

DISCUSSION
Photosynthesis

Initial whole-canopy net photosynthetic rates (up to
12–14 DAE) were not differentiated by temperature.
Because the plants were small, the differences may not
have been detected. However, high temperatures have
not been shown to reduce PN on a leaf level for newly
expanded leaves (Wolf et al., 1990; Thornton et al.,
1996). On a whole plant level the adjustment of photo-
synthesis to temperature changes involves adjustment
over a period of time. Canopy level photosynthesis was
not changed with either 1-d temperature treatments
(Baker et al., 1972) or within 10 d after imposition of a
temperature change (Reddy et al., 1991) for cotton.

Differences in net canopy photosynthesis rates be-
came evident starting at 12 to 14 DAE. Temperature
accelerates growth and development. Plants grown
under optimum conditions have larger canopies and
intercept more light than plants grown under subopti-
mum conditions and hence will have higher gross can-
opy photosynthetic rates (Reddy et al., 1991). The
number of leaves increased with temperature and plants
grown at high temperatures had smaller but more nu-
merous leaves (Table 2). The lack of linear or quadratic
temperature effects on leaf weight suggests that differ-
ences in leaf size among the treatments were not a major
factor in differences among the net canopy photosyn-
thetic rates in this study. The 248C treatment did have
a larger leaf mass and area than the other treatments,
however, especially at the second harvest date. The
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specific leaf area could also have been high for this
treatment. Therefore, there was likely some effect of
canopy size on PN but it was difficult to detect statistical
differences in leaf weight with the small number of
samples and high variation. Differences in canopy
architecture could also contribute to variation in canopy
photosynthesis rates through the effect on light inter-
ception but we did not quantify these. We noticed that
the leaves of the plants in the high temperature treat-
ments were more erect than those in the lower tem-
perature treatments.
The temperature dependence of PN beginning at 12 to

14 DAE may also be partially related to tuber initiation.
Because of potential damage to the root system, we did
not measure tuber initiation times. However, in the
field, tuber initiation has been reported to begin about
13 to 18 DAE depending on temperature (Ingram and
McCloud, 1984; Kooman et al., 1996b). The developing
tubers, as a sink for photosynthesis would allow the
plant to support higher rates of photosynthesis (Basu
et al., 1999).
Temperature does reduce photosynthetic rates in ma-

ture leaves (Thornton et al., 1996). Increased stomatal
resistance at high temperatures due to high vapor pres-
sure deficits has not been shown to contribute to dif-
ferences in photosynthesis at elevated temperatures.
(Sarquis et al., 1996; Hammes and de Jager, 1990). It has
been suggested that the effect of temperature on photo-
synthesis in potato is to disrupt the PS II cycle (Prange
et al., 1990). Because disruption of PS II can also be a
function of leaf aging (Murchie et al., 1999), it is possible
that supra-optimal temperatures accelerate maturity
leading to reductions in photosynthesis over time. New
leaves are produced faster at high temperatures than
at low, however (Table 1) so that canopy photosynthetic
rates should not be affected so strongly by leaf aging
while the plant is rapidly growing. Accelerated leaf aging
probably increased in importance toward the end of the
season. Leaf number reached close to its final number
about 30 DAE for most of the treatments. The decrease
in PN after this time is likely due to aging of the canopy.
The optimum temperature for canopy PN for most of

the growing period was 248C, a value similar to the op-
timum reported for leaf level photosynthetic rates (Ku
et al., 1977; Ghosh et al., 2000). The maximum rate of PN
in the 248C chamber was about 24 mmol m22 s21. Leach
et al. (1982) using small field enclosures measured maxi-
mum daily values of canopy photosynthesis in potato of
0.6 g CO2 m

22 h21 (about 37 mmol m22 s21). The opti-
mal temperature in our study was about 248C at 18 DAE
but the differences among the three coolest tempera-
tures (16, 20, and 248C) decreased as the growing season
neared completion (Fig. 2). After 25 DAE, PN for the
248C treatment began to decline and the PN rates for the
20 and 248C treatments were not significantly different.
This suggests a shift to a lower temperature as an opti-
mum at longer growing times (Prange et al., 1990). This
corresponds to a shift to lower temperatures in the opti-
mum temperature for tuber growth as well.
The canopy net photosynthetic rates for the two

coolest treatments (16 and 208C) may have continued to

rise had there not been a removal of plants from the
chambers. The lack of a sharp decrease in canopy PN in
most of the treatments after the first destructive harvest
may be due to two factors, (i) the plants were close to full
light interception and the loss of four plants did not
greatly reduce light interception or (ii) the upward trend
in photosynthesis was cut off resulting in a leveling of
the trend. Our plant density before the first harvest was
about 16 plants per m22. Compared to field levels of about
four to five plants m22, the plant density was high and
the plants were probably intercepting much of the light.

The tubers in the 12 and 168C treatments probably
would have continued to grow for 7 or 14 d had we
continued the experiment since the plants had not fully
senesced at final harvest. The total calendar time re-
quired for the plants in these growth chambers to
mature was less than calendar times in field studies in
the northeastern USA. However the physiological time
needed for the crop to mature for the four highest tem-
perature treatments was likely hastened by the higher
temperatures and maintenance of constant night time
and day time temperatures. The short growing season of
about 52 d and early senescence was also a function of
the shortening daylength beginning in September. Short
days accelerate tuber induction and maturity (Vos, 1999;
Kooman et al., 1996b).

Carbon Balance
The maximum mean daily cumulative C gain calcu-

lated using Eq. [2] was about 0.9 g C d21 plant21 during
midseason in the 248C treatment when the rates were at
their highest. Using the conversion from C to dry matter
from Fig. 5 this would be about 2.23 g dry matter d21

plant21 or 2.62 g MJ21m22 PAR assuming 12 plants per
m2 in the chamber and using the measured PAR of
10.2 MJ for the day (47 mol m22 d21). This value of ra-
diation use efficiency is comparable to the range of 1.95
to 3.6 measured by Kooman et al. (1996a) for a range of
sites and planting dates in the Netherlands and Africa.

Carbon Partitioning
The C balance suggests that the effect of temperature

on dry matter accumulation was largely through tem-
perature’s effect on cumulative C gain. The relationship
between dry matter accumulation and C gain was con-
stant over the different temperatures despite different
amounts of C partitioning to the tubers among these
three treatments. The cumulative C gain for the warmest
temperature decreased over the latter part of the grow-
ing season due to high respiration rates. Since the dry
matter increased, we should have measured a larger
value of cumulative C gain after the first harvest. The
gain in dry matter between the second and final harvest
was small for the 328C treatment, about 5 g and the
standard error was about 3 g. The daily PN rates were
also very small, especially toward the end of the season.
As a result, they would have been more strongly af-
fected by cumulative errors over the season, especially
for respiration, than the data for the coolest treatments
with higher C gain values.
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Overall, these data suggest that temperature affected
partitioning and that the plants grown at high tempera-
tures accumulated C but could not partition it to the
tubers. Sarquis et al. (1996) attributed lower growth
rates at high temperature to reduced net C assimilation
rates resulting from higher respiration. This appears
to have occurred on a canopy level in this study as well.
The high respiration values in the two warmest treat-
ments resulted in a negative C balance on some days,
especially toward the end of the season as the proportion
of young leaves decreased. This suggests the importance
of respiration in the reduction of total C accumulation at
low light levels, especially as the plant ages.
Temperature effects on partitioning are related to how

sugars are translocated in potato. Heat-stressed leaves
have less starch and more sucrose (Lafta and Lorenzen,
1995). Heat-tolerant varieties of potato tend to accumu-
late less starch and more sugars in the leaves than heat-
sensitive ones (Basu and Minhas, 1991). We did note
significantly higher stem weights in the higher temper-
ature treatments as was reported by Lafta and Lorenzen,
(1995). It appears that at high temperatures, the shoot
becomes an important sink for photosynthates (Basu and
Minhas, 1991). When tubers were removed from potato
plants, high levels of carbohydrates were shown to ac-
cumulate in leaves resulting in downregulation of photo-
synthesis (Basu et al., 1999). This suggests that heat stress
has larger effects on translocation of sugars to tubers
than on the production of sugars from photosynthesis.
The inability to translocate carbohydrates and the resul-
tant decrease in leaf photosynthesis (Basu and Minhas,
1991) appears to also affect canopy level photosynthesis
as well.
The trend in respiration values followed the trend in

PN, for example, increasing to a peak at midseason, and
then decreasing (Fig. 3 and 4). Prange et al. (1990) also
found a reduction in leaf level dark respiration over
time. They hypothesized that high temperature could
have reduced the availability of respiratory substrates
due to reduction in the number of cells able to carry
out respiration.

Application to Simulation Models of Potato
Because of the limited scope of this experiment (one

variety, elevated CO2) the coeficients of the equations
are not useful for parameterizing a simulation model.
The data are useful, however to test the temperature
response of a model. We used algorithms from
SIMPOTATO (Hodges et al., 1992) to generate tuber
yields under the same conditions used in this study using
parameters for a Russet Burbank variety. The model
simulates partitioning to tubers using a set of rules that
are based on temperature, C assimilation (radiation use
efficiency), and determinancy. Since this is a simulation
model, temperature and C assimilation affect things like
plant growth stage, leaf area index, and others that in
turn affect partitioning and growth of tubers. Simulation
output based on these rules gave responses of tuber
growth to temperatures that were similar to the experi-
mental results. The linear/quadratic response surface

was similar, though the magnitudes of the tuber weights
were different. These data and those from similar ex-
periments provide a method to evaluate output from
plant models to test and refine the rules that are encap-
sulated in the models.

SUMMARYAND CONCLUSION
Whole plant canopy level photosynthesis measure-

ments were obtained for potato grown at five tempera-
tures, 16, 20, 24, 28, and 328C in sunlit growth chambers
at elevated (700 mmol mol21) CO2. Plant biomass for
leaves, stems, roots, and tubers were measured by de-
structive harvest of four plants per sampling, three times
during the 52 d growth period for the same temperatures
and 128C. The optimum canopy net photosynthetic rates
were measured at 248C and the maximum biomass was
measured in the 208C treatment. Initial differences in
canopy PN up to 12 to 18 d after emergence were small.
Leaf appearance rate was positively and linearly related
with temperature.

The differences in net canopy photosynthesis among
the temperature treatments increased over time and
were related to differences in tuber growth and, at later
stages, aging of the plant canopy. Overall, there did not
appear to be strong temperature dependencies for the
canopy scale photosynthetic process itself in the short
term. The effects of accelerated aging on canopy photo-
synthesis were not apparent until later in the growth
period where elevated temperatures hastened maturity
of the leaves and reduced photosynthetic rates more
rapidly over time as compared to lower temperatures.
Partitioning of photosynthates to tubers also decreased
as temperature increased having an optimum of 208C in
this study.

A C balance calculated from cumulative C gain and
dry matter harvested was linear over all treatments
having an intercept of 11.6 g and slope of 2.48 g dm g21

C assimilated. Respiration was an important component
of photosynthate loss as a function of temperature, es-
pecially as the plant canopy aged.

Understanding temperature response of potato crop
development is important in building potato crop
models. Measurement of whole plant photosynthesis
rather than leaf level provides quantitative information
on the integrated effect of temperature on whole-plant
performance and photosynthesis that can be used to
develop and evaluate crop models. The results of this
study suggest that temperature effects on photosynthe-
sis, respiration, and C partitioning are important pro-
cesses and largely affect plant growth and development
rates. The challenge for simulation modeling is to incor-
porate feedback mechanisms that account for source–
sink relationships as a function of temperature.
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